-in this issue of Neuron-and Dominici et al. (2017) -published online at Nature-independently show that floor plate-derived netrin-1 is dispensable for commissural neuron axon guidance to the CNS midline during development.
Nervous system assembly during development depends in large part on conserved, pre-programmed genetic plans, and when these go awry, defects in neural circuit organization can lead to profound pathological consequences. Since the time of Santiago Ramó n y Cajal, neuroscientists have speculated about the cellular, and more recently molecular, mechanisms by which complex neural circuits are sequentially constructed throughout development. A wide range of experimental strategies have yielded the identity of secreted and membrane-associated molecules essential for the elaboration of complex axonal and dendritic trajectories that establish the myriad circuits in all nervous systems. These include proteins belonging to four major protein families of classical guidance cues: netrins, ephrins, slits, and semaphorins, several members of which exhibit specific expression patterns in the developing nervous system that serve to organize neural connections (Kolodkin and Tessier-Lavigne, 2011) . Here, we describe new findings regarding the axon guidance cue netrin-1 that alter our understanding of how axon trajectories at the central nervous system (CNS) midline are established.
The role of netrin family members in axon guidance was first appreciated in C. elegans over 25 years ago (Lai Wing Sun et al., 2011) . In Unc-6 mutants (netrin-1 was subsequently identified as a mammalian Unc-6 ortholog), axons from several neuronal classes fail to properly extend along the worm's dorsal-ventral axis, and subsets of neurons also display migration defects. Unc-6 was found to be a secreted protein that contains structural similarity to the extracellular matrix protein laminin. A functional screen for factors capable of influencing vertebrate dorsal spinal cord axon guidance led to the discovery of the vertebrate Unc-6 ortholog, netrin-1. In both the spinal cord and hindbrain, cells located in the floor plate at the CNS midline, the location where crossing axons extend to the contralateral side of the CNS, express very high levels of netrin-1 ( Figure 1A ). Remarkably, it was observed in mice harboring a strong hypomorphic netrin-1 allele that netrin-1 is essential for axons from dorsally located spinal cord commissural neurons, which grow ventrally toward the CNS midline, to reach the floor plate and also for the formation of several brain commissures, including the corpus callosum, fornix, and the anterior commissure (Lai Wing Sun et al., 2011) . Netrin-1 can both attract and repel axons in vitro from specific neuronal classes, in line with their in vivo trajectories. Though restricted netrin-1 expression was also observed in a few regions other than the CNS midline, based on netrin-1's very strong expression at the CNS midline, its effects on axons from different neural subtypes in in vitro assays, and the robust commissural axon guidance phenotypes observed in netrin-1 mouse mutants, it was hypothesized that netrin is secreted by floor plate cells and that the resulting gradient of netrin attracts commissural axons to the CNS midline in the spinal cord and brain.
Following these seminal studies, intense examination of netrins in both vertebrates and invertebrates revealed the importance of these cues in the establishment of many neural circuits (Lai Wing Sun et al., 2011) . Extensive work defining netrin-1 receptors revealed how the expression of netrin holoreceptor components influences attractive and repulsive netrin-mediated guidance (Kolodkin and Tessier-Lavigne, 2011) . However, it is still unclear how a netrin-1 gradient might be established in vivo to guide growing axons. Indeed, in the initial analysis of embryonic spinal cord commissural axon guidance by netrin-1, it was proposed that a guidance cue gradient resulting from secreted netrin-1 produced at the floor plate could be formed by either the immediate sequestration of secreted netrin-1 on the cell surface (i.e., haptotaxis) or the free diffusion of netrin-1 through developing tissue near the floor plate (Kennedy et al., 1994) . Since these early findings, many studies have demonstrated that netrin-1 can freely diffuse in vitro to establish a directional gradient for growing axons (Lai Wing Sun et al., 2011) . Together, these findings led to the view that in vivo a gradient of netrin-1 from the CNS midline promotes attraction of midline crossing axons.
However, there are a few hints that suggest that long-range diffusion of netrin-1 might not be necessary for all of its guidance functions in vivo. During embryonic neural development in Drosophila netrin mutants, the severe CNS guidance defects observed in axons that normally cross the CNS midline can be rescued by providing a membrane-tethered form of netrin, suggesting that diffusion of netrin from the midline is not required for axon attraction to the midline (Brankatschk and Dickson, 2006) . Similarly, in the developing fly visual system, membrane-tethered netrin is also sufficient to rescue photoreceptor axon guidance defects in netrin mutants (Timofeev et al., 2012) ; however, here netrin is not required to attract axons but rather to stabilize them through contact-mediated adhesive interactions at the source of netrin expression (Akin and Zipursky, 2016; Timofeev et al., 2012) . These and other observations beg the question as to whether or not diffusion from a focal netrin source is required for long-range axon guidance.
Two research groups (Dominici et al., 2017; Varadarajan et al., 2017) , using new mouse genetic tools, independently sought to assess commissural neuron axon extension toward and across the midline in the spinal cord and hindbrain in the mouse. In both the spinal cord and hindbrain, netrin-1 is highly expressed by cells in the floor plate and also by neural progenitors in the middle region of the developing CNS ( Figure 1A) . The cell bodies of these neural progenitors line the ventricles and spinal canal, and they have long processes that attach to the pial surface in a radial fashion. Netrin-1 produced by these progenitors in both the spinal cord and the hindbrain is most likely transported along these radial processes to the pial surface, where robust netrin-1 protein was also observed ( Figure 1A ).
Both groups make strikingly similar findings by utilizing conditional netrin-1 alleles and various Cre recombinase-expressing mouse lines to selectively ablate netrin-1 from specific locations in the developing mouse embryo, building on previous work showing that genetic ablation of the floor plate does not prevent commissural axon extension toward and across the CNS midline (Charron et al., 2003; Matise et al., 1999) . As described in this current issue of Neuron, Varadarajan et al. (2017) investigated the response of spinal commissural neurons to the selective loss of netrin-1 either in the floor plate or in netrin-1-expressing VZ neural progenitors. Surprisingly, selective removal of netrin-1 from the floor plate results in no obvious commissural axon guidance phenotypes ( Figure 1B) . However, upon removal of netrin-1 from the more dorsally located neural progenitors, there is a dramatic reduction in commissural neuron axon extension ventrally toward the CNS midline ( Figure 1C ). Further, some axons are observed to aberrantly innervate regions of the VZ, where netrin-1-expressing neural progenitors are located. These results are very similar to the original axon guidance defects observed in mice homozygous for the strong hypomorphic netrin-1 allele (Lai Wing Sun et al., 2011) and also more recently generated netrin-1 null mutants ( Figure 1D) .
Published online at Nature, Dominici et al. (2017) present similar findings regarding the role of netrin-1 at the midline in the mouse spinal cord and, in addition, in the hindbrain; conditional removal of netrin-1 from the floor plate had no effect on commissural neuron axon extension to, or crossing of, the CNS midline. However, similar to Varadarajan et al. (2017) , selective removal of netrin-1 from VZ neural progenitors in the spinal cord and hindbrain phenocopies axon guidance defects observed in netrin-1 mutant mice. Importantly, in both studies, removal of VZderived netrin-1 left floor plate netrin-1 expression intact, demonstrating that floor plate-derived netrin-1 alone is not sufficient to guide commissural axons along their trajectory to the CNS midline. Dominici et al. (2017) further explored the function of floor plate-derived netrin-1 in the migration of inferior olivary nucleus (ION) neurons toward the hindbrain midline, a netrin-1-dependent migratory event (Bloch-Gallego et al., 1999) , and they find it is also dispensable for the directed migration of ION neurons toward the CNS midline.
Taken together, these two studies demonstrate that a diffusible focal source of netrin-1 at the midline is not required for long-range attraction of commissural axons or migrating hindbrain neurons from lateral regions of the CNS to the CNS midline. Importantly, they establish that expression of netrin-1 in VZ neural progenitors dorsal to the floor plate is critical for commissural axon guidance to the CNS midline. Therefore, these experiments require consideration of more complex modes of netrin-1-mediated commissural axon guidance.
How does netrin-1 guide axons ventrally to the CNS midline? Both groups provide compelling evidence suggesting that netrin-1 serves as a short-range haptotactic guidance cue in the region of the netrin-1-expressing VZ neural progenitors. Netrin-1 immunostaining reveals graded netrin-1 expression along the pial surface and an absence of netrin-1 immunostaining within the ventricular zone. These studies show that a critical source of netrin-1 for axon guidance and neuronal migration is the VZ neural progenitor cells, and it is likely that these VZ cells secrete netrin-1 from their endfeet, which are attached to the pial surface and where netrin-1 protein is observed. Consistent with this hypothesis, both groups found that upon netrin-1 removal specifically from the VZ neural progenitors, netrin-1 expression along the pial surface was lost. These observations favor netrin-1 guiding commissural axons at short range toward ventral CNS regions. Interestingly, both studies observe netrin-1 expression along commissural neuron axons. However, since there is no evidence suggesting that commissural neurons themselves express netrin-1, it is apparently sequestered along commissural neuron axons following release by VZ neural progenitors. Both groups provide evidence showing that the netrin-1 receptor DCC is responsible for this axonal netrin-1 sequestration, but its role is at present unclear. Does axonal netrin-1 influence ventral extension of commissural neuron axons, or possibly their fasciculation? These are intriguing possibilities, and additional work using various cell-type-specific gain-and lossof-function strategies will address the role of commissural neuron netrin-DCC interactions in directing these axons toward the CNS midline. It also remains to be determined whether netrin-1 localization on the pial surface is required for its axon guidance functions. A mouse harboring a conditional membrane-tethered netrin-1 allele could be used to address the requirement for netrin-1 axonal sequestration in commissural neuron axon guidance, limiting netrin-1 to the surface of neural progenitors or to commissural axons. Both studies suggest that the distal processes of neural progenitors release the relevant source of netrin-1 required for ventral axon guidance to the CNS midline, and it will be interesting to determine how netrin-1 is trafficked and released from neural progenitors so as to end up on the pia and on commissural axons. Finally, it is important to determine whether other guidance cue(s) expressed at or near the CNS midline that have been shown to guide commissural axons, including sonic hedgehog (Charron et al., 2003) , act either together with netrin-1 or alone to mediate commissural axon guidance to the CNS midline.
Over 20 years ago, pioneering work identified netrin-1 as the first phylogenetically conserved axon guidance cue with the capacity to address long-standing models of neuronal process guidance. These studies provided a conceptual framework for understanding axon guidance at the CNS midline. Using new genetic tools, Varadarajan et al. (2017) and Dominici et al. (2017) show that a diffusible source of netrin-1 at the CNS midline is neither sufficient nor required to direct commissural axon trajectories toward the midline. These findings support a revised model in which VZ progenitorderived netrin-1 directs commissural axon trajectories through short-range haptotactic guidance as axons extend toward the floor plate. Just as examination of Mandelbrot set images at higher and higher resolution reveals progressively more complex and beautiful shapes, we can expect that future investigations into axon guidance mechanisms stimulated by these current studies will reveal new principles underlying neural circuit elaboration during development.
